Objective: To comprehensively describe the natural history of vanishing white matter (VWM), aiming at improving counseling of patients/families and providing natural history data for future therapeutic trials. Methods: We performed a longitudinal multicenter study among 296 genetically confirmed VWM patients. Clinical information was obtained via disease-specific clinical questionnaire, Health Utilities Index and Guy's Neurological Disability Scale assessments, and chart review. Results: First disease signs occurred at a median age of 3 years (mode = 2 years, range = before birth to 54 years); 60% of patients were symptomatic before the age of 4 years. The nature of the first signs varied for different ages of onset. Overall, motor problems were the most common presenting sign, especially in children. Adolescent and adult onset patients were more likely to exhibit cognitive problems early after disease onset. One hundred two patients were deceased. Multivariate Cox regression analysis revealed a positive relation between age at onset and both preservation of ambulation and survival. Absence of stress-provoked episodes and absence of seizures predicted more favorable outcome. In patients with onset before 4 years, earlier onset was associated with more severe disability and higher mortality. For onset from 4 years on, disease course was generally milder, with a wide variation in severity. There were no significant differences for sex or for the 5 eIF2B gene groups. The results confirm the presence of a genotypephenotype correlation. Interpretation: The VWM disease spectrum consists of a continuum with extremely wide variability. Age at onset is a strong predictor for disease course.
antenatal or early infantile onset disease with rapid demise [9] [10] [11] to adult onset slow disease. 3, 12 Knowledge of the epidemiology and natural history of VWM is essential for physicians to counsel patients and families and make decisions on clinical management. Additionally, natural history studies are valuable for insight into pathomechanisms, genotype-phenotype correlations, and setup of therapeutic trials. Natural history studies in VWM are scarce and rather small. [13] [14] [15] We report results of a 12½-year natural history study of VWM, focusing on occurrence of neurological signs in relation to age and disease duration, identification of prognostic factors, and assessment of dimensions of disability by 2 validated scales: Health Utilities Index (HUI) and Guy's Neurological Disability Scale (GNDS).
Patients and Methods

Study Design
Between January 2004 and October 2016, we performed a multicenter longitudinal observational study on all genetically proven VWM patients enrolled in the Amsterdam Database of Leukoencephalopathies. The database contains all VWM patients referred for mutational analysis and proven to have biallelic mutations in the genes EIF2B1-5 and 17 patients referred for magnetic resonance imaging (MRI) analysis and genetically confirmed elsewhere. 16 VWM patients with additional diseases affecting neurological function were excluded. Written informed consent was obtained from participating patients or guardians. The study was approved by the ethics committee of VU University Medical Center, Amsterdam.
Clinical Information
We obtained information on disease course by a customized disease-specific clinical questionnaire, completed by the patient's physician or the patient and/or family members in consultation with the authors. If these sources were not available, we performed retrospective chart review.
The questionnaire aimed at robust parameters that could easily be assessed by physicians, also when reviewing patient files retrospectively, and by parents. It involved items on demographic details, pregnancy and delivery, early motor development, early cognitive development, disease onset and presenting signs, provoking factors, episodes of deterioration, disease course, neurological signs, and survival. Data on medical history were obtained retrospectively when the patient entered the study. From then on, data were collected prospectively, using the questionnaire, HUI scores from age 2 years, and GNDS scores from age 8 years at 1 to 4 time points. HUI and GNDS scores were assessed by proxies (physicians or parents), in 3 patients by self-assessment, using postal or digital forms, telephone interviews, or in-person interviews. All data were checked for internal consistency and consistency with other data. Patients were scored as having lost walking without support when they could no longer walk without equipment or the help of another person; they were scored as having lost walking with or without support when fully wheelchair dependent. To avoid introducing a bias by omitting patients who were more seriously affected and did not achieve walking, we scored patients who presented before 18 months and never achieved walking as having lost ambulation at disease onset and scored patients who had mildly delayed early development and never achieved walking but presented with signs of neurological deterioration later than 18 months as having lost ambulation at 18 months. Patients who died before 18 months or were not followed until that age were not included in analyses concerning ambulation. The disease course was defined as exacerbating if ≥1 episodes of acute major neurological deterioration occurred. Ovarian failure was assessed in females from 16 years at latest follow-up.
Health Utilities Index HUI 17 is a well-validated instrument to assess health status and health-related quality of life (HRQL). It has been used extensively as an outcome measure, also for neurological disorders, in patients from age 1 year. [18] [19] [20] [21] It comprises distinct attributes of health status that enable valuation of functionspecific scores (single-attribute utility scores) and generic multiattribute preference-based measures of quality of life (HUI Health Index) at a point in time. We applied the HUI Mark 3 (HUI3) proxy version, which comprises 8 attributes: Vision, Hearing, Speech, Ambulation, Dexterity, Emotion, Cognition, and Pain. Each attribute has 5 or 6 levels (Supplementary Table 1A) 17 ; single-attribute scores range between 0 (severe impairment) and 1 (no impairment; see Supplementary Table 1B) . We measured 1 attribute of the HUI Mark 2 (HUI2) on Self-Care. We used HUI decision tables to generate HUI2 and HUI3 single-attribute utility scores 22, 23 and applied coding algorithms to obtain overall HUI3 Health Index scores (see Supplementary  Table 1C) . 23 The latter represent the patient's state on a scale from 0 (equivalent to death) to 1 (equivalent to perfect health). The minimum is a negative score (−0.36); all negative scores indicate a state rated "worse than dead" in the preference survey among the general population. 23 For missing data, we applied inspection and logical deduction according to published guidelines. 24 If > 2 attribute scores were missing, the concerning inventory was excluded (1% of inventories). We used hot deck imputation with pattern similarity to impute the few remaining missing values up to a maximum of 2 domains. 24 Imputations were only calculated for the HUI3 attribute scores on Cognition in 3% of inventories and on Emotion in 1%.
To analyze the evolution of HUI scores over time, we gave each patient a baseline score at disease onset, corresponding to the age-matched reference scores from HUI3 reference population data. 25, 26 For individuals younger than 5 years, for whom no reference scores are available, we applied the reference score of 0.92 for age 5 years. For death, we used a score of −0.5, deviating from score 0 of the HUI scale, because numerous patients had negative scores during life, while being happy, as apparent from Emotion scores, not in line with worse than dead. Moreover, scores of such patients would otherwise rise from below 0 during life to 0 at death. Changing death status from 0 to −0.5 alters the meaning of the negative scores but does not influence the statistical characteristics of the scale. We gave deceased patients in whom no HUI was obtained because of age < 2 years or nonresponse a baseline score at onset and end score at death.
Guys Neurological Disability Scale
GNDS is a reliable measure to assess neurological disability, created to assess outcome in multiple sclerosis (MS). 27 As VWM and MS are comparable in terms of white matter involvement and chronic disease with episodic worsening, we chose the GNDS to assess neurological function in VWM. Nowadays, the scale is also applied in other neurological disorders. 28, 29 The system has proven to be reliable when applied as a postal questionnaire. 27, 30 It assesses the patient's disability in the previous month on the basis 12 subcategories: Cognitive disability, Mood disability, Visual disability, Speech/Communication disability, Swallowing disability, Upper-limb disability (hereafter called 'Arm'), Lower-limb disability (hereafter called 'Leg') Bladder disability, Bowel disability, Sexual Disabilities, Fatigue, and Other Disabilities. Each domain is scored with a 6-level severity scale ranging from 0 (no disability) to 5 (maximum disability; Supplementary Table 2) . A GNDS sum score for total disability is reached by summing up all 12 subscores, with 0 for minimum and 60 for maximum disability. We followed GNDS instructions 27 
Statistical Analysis
We used summary statistics to describe clinical characteristics. Patient characteristics were reported by median and quartiles and/or ranges for nonnormally distributed data. Nominal and ordinal data were analyzed by chi-square test, Fisher exact test, or Kruskal-Wallis test to study differences between age-of-onset groups. We performed time-to-event analysis of the events "disease onset," "loss of walking without support," "loss of walking with or without support," "start of tube feeding," "start of clear cognitive decline," "first seizure," and "death," with age and disease duration as two separate time variables. Individuals in whom the respective event had not occurred were censored for the item at the latest follow-up. We estimated median ages and disease durations at events by Kaplan-Meier curves. Group differences regarding age at onset, sex, exacerbating disease course, and affected gene were analyzed with log-rank test. For analyses regarding affected genes, each genotype (combination of 2 mutations) was represented once. If one genotype was observed in multiple patients, the median score was calculated by survival analysis. We used Cox proportional hazards models to calculate hazard ratios for predictors of survival and loss of walking with or without support, with age at onset as continuous variable and sex, presence of episodes, and presence of seizures as categorical variables. Because for the variable "seizures" the number of missing values was considerably higher than for other variables, we performed multiple imputation for this parameter, with the other variables as predictive values, including cumulative hazards for "loss of walking with or without support" and "survival," creating 5 datasets on which Cox regression analysis was performed.
We compared HUI Health Index scores in relation to disease duration per age at onset group via linear mixed models, with fixed effects for age at onset group and disease duration, and their 2-way interaction. Although not all were normally distributed, we analyzed the degree of disability per HUI attribute and GNDS domain per age at onset category by mean values, as this represented the center of the 4-up to 6-level data's distribution most accurately.
We created spider plots using 8 selected HUI single attribute scores and 9 selected GNDS domain scores. For the HUI, the attribute Pain was omitted because pain was not a prominent feature and its score was less reliable. 31 For the GNDS, Fatigue, Sexual, and Other Disabilities were omitted, because the scores were not very informative. The spider plots separately concerned mild, intermediate, and severe disability as assessed by the HUI Health Index and GNDS sum scores. The values in the spider plots represented mean scores for early (<4 years) and late (≥18 years) age at onset patient categories. By contrasting these 2 categories, we aimed at clearly illustrating effects of age at onset on the different domains. The 2 categories were compared using the independent samples t test; p < 0.05 was considered significant. We used linear regression to analyze the relation of GNDS sum scores and HUI Health Index scores and comparable domain-specific HUI and GNDS scores within patients at similar time points. Statistical analysis was performed using SPSS version 22 (IBM, Armonk, NY) and Prism version 6.07 (GraphPad, San Diego, CA).
Results
Patients
In total, 305 VWM patients were eligible for the study, referred from 198 centers worldwide. Nine patients were excluded because of comorbidity (ie, Down syndrome, biliary atresia, galactosemia, glutaric aciduria type 1, encephalocele and cortical dysplasia, Leigh syndrome due to LRPPRC mutations, and perinatal asphyxia), leaving 296 patients (134 males and 162 females) from 261 families. Genetic analysis revealed that 5 patients had mutations in EIF2B1, 49 in EIF2B2, 23 in EIF2B3, 22 in EIF2B4, and 197 in EIF2B5. In the case of missing data, patients were selectively included in the analyses on the basis of available information. Throughout the results section, we report the number of patients who were included in the different analyses in parentheses or in respective tables.
Clinical and Demographic Characteristics
The age of the patients at the latest follow-up or death ranged from 3 months to 62 years (median = 11 years); disease duration ranged from 1 week up to 39 years (median = 6 years). For 63% of patients, we obtained clinical questionnaires, mostly completed by physicians, in 10% by the patient and/or family members in consultation with the authors. For the remaining patients, information was obtained by chart review.
Patients originated from Africa (n = 1), Australia and New Zealand (n = 11), Asia (n = 26), South America (n = 28) North America (n = 56), and Europe (n = 174). The database contains all known Dutch VWM patients (n = 33); based on our numbers, the incidence in the Netherlands is estimated to be 1:80,000 live births or higher. Parental consanguinity was reported in 42 of 210 families.
Age at Onset
The distribution of age at onset was heavily skewed to the right; for the interval 18 to 54 years, it was rather uniform ( Fig 1A) . Median age at onset was 3 years (mode = 2 years, range = before birth to 54 years). Of all patients, 87% had onset at <18 years, 60% <4 years, 11% <1 year, and 2% before birth. When categorizing the patients in the 6 age at onset groups, early-juvenile (2-<4 years) onset was most common (see Fig 1B) . An overview of clinical characteristics classified by age at onset group is given in Supplementary Table 3 . Outline of disease course per age at onset group is depicted in Figure 2 . Table 4 summarizes all presenting signs and symptoms. Motor problems, especially gait problems, were most common. The nature of first signs varied for different ages of onset (Supplementary Table 5 ). Antenatal onset was characterized by intrauterine growth retardation, oligohydramnios, reduced fetal movements, and/or contractures at birth. After birth, these patients often presented signs of encephalopathy, with irritability, somnolence, and seizures. Several severe, mostly infantile and early-juvenile onset cases presented with similar signs of encephalopathy. Loss of acquired motor skills was common among all age at onset groups. Patients with late-juvenile, adolescent, or adult onset more often presented with cognitive or psychiatric problems.
Fifty-three percent of presentations occurred after a provoking event (see Supplementary Table 3) . Infection (often with fever) was the most common trigger (54%), especially upper respiratory, gastrointestinal, or urinary tract infections, influenza, otitis, and viral rashes. Mild head trauma was the second most common trigger (44%). Occasional triggers were vaccination and acute fright.
Seven patients were asymptomatic at study closure. Three had not had any disease signs: one, currently 5 years old, had been genetically tested because of an affected sibling; two, currently 6 and 18 years, had been identified by incidental findings on MRI performed because of head trauma and headache. The other 4 patients had been identified by MRI for transient neurological signs: vertigo, lowered consciousness and anopia after head trauma, unprovoked dizziness, and 1-sided vision loss. They are currently 8, 12, 12, and 43 years old.
Early Development
Early motor development was delayed in 25% of patients (69/276). For group 1 patients, in 47% (15/32) no developmental problems had been noticed until subacute deterioration. Remaining patients (53%) had mild or severe development delay. The majority had reached some motor milestones ranging from head control to unsupported sitting, but 19% (6/32) never developed intentional movements. In most group 2 patients, early motor development was reported to be normal; 40% (n = 20/50) had mild developmental delay. Maximum motor milestones ranged from crawling (n = 2) to supported walking (n = 6) to unsupported walking (n = 11). For patients of groups 3 to 6, 90% (174/194) had normal early motor development. All 4 groups contained a few patients with mild developmental delay (overall 10%). Early cognitive development was abnormal in 14% of patients, predominantly in patients with onset at <2 years (see Supplementary Table 3 ).
Ambulation
Unsupported walking was achieved in no patients of group 1, 74% of patients of group 2, and all patients of groups 3 to 6 (see Supplementary Table 3 ). There were significant differences in age and disease duration at loss of walking without support and wheelchair dependency when comparing the 6 onset groups (see Supplementary  Table 3 , Fig 3A) . Subanalysis of groups 4, 5, and 6 revealed no significant difference regarding disease duration at loss of walking without support (log-rank p = 0.55) or with and without support (log-rank p = 0.82). Table 1 presents an overview of patients' current status at latest clinical inventory, subdivided for disease duration. Spasticity and ataxia were most common. Speech was affected in most patients, swallowing in less than half; 34% of patients received tube feeding (see Supplementary  Table 3 ). Vision and hearing were generally well preserved. Optic atrophy was reported in 17 patients but had not been investigated systematically. Cognitive decline had occurred in 62% of patients; it was observed earliest in the disease course in patients with onset at <2 years and ≥18 years (see Supplementary Table 3 , Fig 3B) ; patients with onset at <1 year were not included in the analysis of cognitive decline. Subanalysis of groups 4, 5, and 6 revealed that cognitive decline occurred earlier in the disease course in group 6 than in groups 4 and 5 (log-rank p < 0.001; see Fig 3B, right) .
Neurological Signs
Seizures had occurred in 60% of patients; later disease onset was associated with lower incidence for all groups (see Supplementary Table 3 ). The nature of seizures was variable, including nonmotor seizures and focal onset seizures with and without impaired awareness. Generalized onset tonic-clonic seizures were most common. Most patients had occasional seizures, mostly well controlled with medication, less often moderately controlled. Few patients had refractory epilepsy; this was reported most often in groups 1 and 2, and also occurred in groups 3 to 5, but never in group 6. Mortality Survival analysis revealed an estimated overall median survival of 38 years at a median disease duration of 24 years; 102 patients were deceased. Of deceased patients, median age at death was 6 years (range = 3 months to 60 years) and median disease duration at death was 3 years (range = 1 week to 30 years). There was a significant difference in age and duration at death for the 6 onset groups (see Fig 3C, Supplementary Table 3 ). Death rate was considerably higher in groups 1 to 3, in which 47% (82/174) of patients were deceased, than for groups 4 to 6, in which 15% (18/117) had died. No significant difference regarding survival duration (log rank p = 0.77) and disease duration at death (p = 0.74) was observed between groups 4 to 6.
Deceased patients were generally at an advanced, often vegetative stage. Respiratory failure was the leading cause of death (61%). In a high proportion of patients, deterioration preceding death was triggered by infection (40%). Other causes of death were discontinuation of life support, coma, refractory epilepsy, and cachexia.
Disease Course and Provoking Factors
Exacerbating disease course was described in 82% of patients (see Supplementary Table 3 ). The median number of episodes was 3, mode = 1 (often at first presentation), range = 1 to 25 (n = 162 patients). In 99% of patients, episodes involved motor problems (197/198 patients), most often gait problems, ataxia, and weakness. Cognitive function was affected in 50% (71/142 patients), including loss of language, cognitive slowing, memory problems, and loss of social interaction.
Sixty-two percent of patients had had one or more episodes of coma or altered consciousness (see Supplementary Table 3 ). Coma and irritability were mostly observed in patients with early onset; 87% of patients with coma (55/63) and 92% of patients with irritability (58/63) had onset at <8 years.
Episodes of deterioration were provoked by febrile infections in 80% (154/193) of patients with episodes, head trauma in 58% (106/182), and infection without fever in 27% (42/155). Other provoking factors mentioned less often were anesthesia in 16% (15/92), acute psychological stress or fright in 18% (27/150), and heat in 5% (4/87). In many more patients, heat was stated to adversely affect function, but in most recovery occurred immediately after cooling down. There were incidental reports of deterioration after the use of alcohol, sleep deprivation, growth spurt, vaccination, and severe allergic reaction. Seizures were also reported as a provoking factor, although they may also have occurred secondary to deterioration.
FIGURE 3: Disease progression in relation to age at onset, episodic deterioration, and sex. Kaplan-Meier plots on (A) full wheelchair dependency (loss of walking with or without support) in relation to age (left) and disease duration (right), per age at onset group; (B) onset of cognitive decline in relation to age (left) and disease duration (right), per age at onset group; (C) survival in relation to age (left) and disease duration (right), per age at onset group; (D) survival (left) and loss of walking with or without support (right) in relation to disease duration, grouped by sex; (E) survival (left) and loss of walking with or without support (right) in relation to disease duration, grouped by disease course with and without episodic deterioration. In all plots, censored patients (absence of cognitive decline, still ambulant or alive at last follow-up) are indicated by crosses.
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Earlier disease onset was associated with higher sensitivity to febrile infections; fever caused deterioration in 86% of patients with exacerbating disease course and onset at <4 years versus 50% with onset at ≥18 years. Head trauma as a provoking factor was reported with the highest rate in patients with onset at ≥2 to <8 years (see Supplementary Table 3) .
After an episode of deterioration, patients rarely (10%) showed complete recovery (19/183 episodes); only few (3%; 5/183) showed almost complete recovery; the majority of episodes (51%; 93/183) were followed by partial recovery or persisting severe handicap (23%, 42/183). In 13% (24/183), death directly followed an episode of deterioration, most often in patients with disease onset at <2 years.
Sex
The VWM prevalence ratio was 1:1.21 for males:females. Imbalance was largest in the adult onset group (see Fig  1B) , but statistical analysis of distribution did not reveal significant differences (p = 0.43). Time-to-event analysis of survival and loss of walking without and with support showed some differences between sexes, but these were not statistically significant (see Fig 3D) .
Prognostic Factors
Kaplan-Meier plots indicated that exacerbating disease course had unfavorable effects on survival and preservation of ambulation (see Fig 3E) . Multivariate Cox regression analyses revealed that earlier age at onset, episodic deterioration, and seizures had significant positive associations with death and loss of ambulation as independent prognostic indicators, whereas there were no sex-based differences in outcome (Table 2) .
Reproductive Organs
Females. In 86% of women ≥ 16 years old (48/56), signs of ovarian failure were reported (primary or secondary amenorrhea, irregular menses, or infertility). Ovarian dysgenesis was found on ultrasound in 1 patient at 3 years and at autopsy in 2 patients at 10 months and 6 years. 2, 32 Six women had offspring; none reported episodic deterioration during or shortly after pregnancy.
Males. Except for 1 case of infertility due to oligozoospermia, there were no reports of involvement of reproductive organs. Of the 26 males ≥16 years old, 4 had offspring.
Other Organs Involvement of other organs was observed in 7 group 1 patients, including congenital cataract (n = 4), renal hypodysplasia (n = 2), and hepatomegaly/hepatosplenomegaly (n = 2). Several patients with disease onset at later ages also presented diseases of other organs, but these were never reported in >1 patient and are not considered here.
Other Features
Height was normal in 82% of patients (133/163) and below normal in 18% (29/163, mainly with onset at <8 years). Weight was normal in 79% (125/159), below normal in 16% (26/159), and above normal in 5% (8/159). Head circumference was normal in most patients (132/169); 12% had microcephaly (21/169, mainly with onset at <4 years), and 10% had macrocephaly (16/169, mainly in onset groups 1-3 at advanced disease stages). Two patients underwent ventriculoperitoneal shunting because of suspected increased intracranial pressure, without clinical improvement. Headache was the most commonly reported additional problem (26 patients). Dizziness was described in 6 patients, peripheral neuropathy in 3, and scoliosis in 7.
History of depression was present in 21 patients (median age at start = 30 years, range = 12-47 years). In 23 patients, enhanced aggression, erratic behavior, or other behavioral problems had been observed, mostly in adulthood.
Genotype-Phenotype Correlation
Among all 296 patients, the total number of different mutation combinations was 157. No statistically significant differences were observed for the 5 eIF2B gene groups regarding age at onset (log rank p = 0.31) and survival (log rank p = 0.65). Only for the parameter "loss of walking without support" was an overall significant difference observed (log rank p = 0.025). Ambulation was better preserved in the group of patients with EIF1B1 mutations, but this group was very small (only 5 patients) and therefore not necessarily representative. When excluding these 5 patients from the analysis, no overall differences remained for the groups EIF2B2 to EIF2B5 (log rank p = 0.12).
To assess the mutation-specific genotype-phenotype correlation, we compared all available groups of at least 3 patients from different families with the same mutation combination. In most groups of patients with similar genotype, severity measures, such as age at onset and survival, were rather consistent, but some variability was present, especially for mutations associated with a milder phenotype (details in Supplementary Table 6 ). The homozygous p.Arg113His mutation in EIF2B5 was most frequent (n = 36) and most often, but not invariably, associated with a mild phenotype. 
33
Intrafamilial Variation
Thirty-three families had >1 affected child. Siblings from 18 families were categorized in the same onset group. In the other 15 families, siblings were categorized in 2 subsequent onset groups. Disease course and severity among siblings were relatively similar. Siblings with disease onset at <2 years all showed homogeneous phenotypes with rapid deterioration. With childhood or adult onset, wider individual variation was observed and siblings could show more divergent phenotypes with involvement of different domains.
Disability Scores
An overview is provided in Supplementary Table 7A . In total, 262 patients were eligible for formal HUI scoring based on the age criterion of ≥2 years. We obtained at least 1 formal HUI inventory in 65% of patients (171/262) at disease durations ranging from 6 months to 38 years. In several patients, >1 HUI inventory was performed, bringing the total number to 258.
For GNDS scoring, 178 patients were eligible based on the age criterion of ≥8 years. In 64% of patients (114/178), at least 1 GNDS inventory was obtained at disease durations ranging from 1 to 38 years. In several patients, >1 GNDS inventory was performed, bringing the total number to 172.
HUI Health Index
The overall median HUI Health Index score derived from formal assessments across all time points was 0.21 (quartiles = −0.14 to 0.69). Thirty-six percent of scores (93/258) were negative. We also gave all patients a standard baseline score at disease onset and all deceased patients a score of −0.5 at death. In 60 patients, no formal HUI scoring was obtained; they only received baseline and death scores. The disease course per patient on the basis of all HUI scores from disease onset until latest follow-up or death is depicted in Figure 4A . There was a wide variability in disease course, but later onset was generally associated with less disability and lower mortality. The HUI Health Index scores per onset group in relation to disease duration are depicted in Figure 4B and show a wide variability. Analysis at group level by linear mixed model analysis showed that the course of the scores differed significantly between the age at onset groups (p < 0.001). Disease progression was most rapid in group 1, followed by group 2, subsequently group 3, and then groups 4 to 6. There were no significant differences between groups 4, 5, and 6.
HUI Single-Attribute Scores
The distribution of scores per HUI attribute is displayed in Supplementary Table 7B . Dependent on age at onset, there were differences in the distribution of disability scores at different stages of the disease. We therefore made spider plots presenting the distribution of HUI single attribute scores for early and late onset categories and separately for mild, intermediate, and severe disability, as assessed by overall HUI Health Index scores (Fig 5) . For mild disability, early onset was typically associated with motor signs, whereas late onset patients more often presented cognitive problems. At the intermediate disability stage, motor problems were already severe in early onset patients. In the case of severe disability, profound motor problems, loss of self-care, and moderate to severe cognitive decline was invariably present in early and late onset categories. Hearing and Emotion were generally spared. Mean scores and confidence intervals of all Graphs depict disease course in relation to age (A) and disease duration (B). One line represents 1 patient. Age at onset groups are marked by different colors. Scores range from −0.50 (dead) to 1 (perfectly healthy). Solid lines represent patients in whom ≥1 formal scores were obtained. Dotted lines represent patients in whom only baseline and death scores were available. In some patients, the score initially improves as a result of a better score at the first formal assessment compared to the standard baseline score.
HUI attributes for all 3 onset categories are available at https://www.vumc.com/branch/Children-White-MatterDisorders.
Quality of Life: Impact on Emotion
Considering the large number of negative formal HUI Health Index scores (n = 93), a state considered worse than dead by the general population, we evaluated the scores on the HUI attribute Emotion (Fig 6) . In total, only 8 of 258 Emotion scores represented a state "so unhappy that life is not worthwhile."
Guy's Neurological Disability Scale
The overall median GNDS sum score across all time points was 21 (quartiles = 10-33). The distribution of scores per GNDS domain is displayed in Supplementary Table 7C .
We again made spider plots to depict the distribution of GNDS domain scores for the early and the late onset categories and separately for mild, intermediate, and severe disability, as assessed by the GNDS sum score (Fig 5) . Early onset cases typically presented motor signs at early disease stages, whereas late onset patients more often presented cognitive problems early in the disease course. Speech/ Communication was better preserved in late onset cases. Mood was relatively spared among early onset cases. Mean scores and confidence intervals of all GNDS domain scores for the 3 onset categories are available at https://www. vumc.com/branch/Children-White-Matter-Disorders.
Other Problems
In 51% of the questionnaires (87/172), other problems due to VWM were mentioned in addition to the . HUI attributes and GNDS domains in which the scores of the early and late age at onset categories are significantly different are indicated by *p < 0.05, **p < 0.01, and ***p < 0.001. In the plots of GNDS scores, the order of domains was based on the order of the items in the questionnaires. The order of the HUI domains was adapted to create analogy with the GNDS spider plots for overlapping items. For the HUI, a higher score is associated with better function, whereas for the GNDS a higher score is associated with worse function.
11 GNDS domains. Details are available in Supplementary Table 7D .
Correlation HUI and GNDS Scores
Comparison of HUI Health Index and GNDS sum scores for individuals revealed a significant correlation (p < 0.001, 
Discussion
Our study confirms that VWM has an extremely broad phenotypic range and that age at onset is an important determinant of prognosis. 15, 34 Patients with onset at <1 year consistently have a rapidly progressive disease and die within several months. They rarely show any recovery after episodic deterioration. Many are encephalopathic and have refractory epilepsy. Involvement of extracerebral organs occurs only in this group. Patients with onset at 1 to <2 years typically show rapid decline, with wheelchair dependency after months to a few years and often death after several years. Disease course in patients with onset at 2 to <4 years is more variable, but generally fairly progressive. Many die after 1 to several years, but others reach adulthood, although invariably severely handicapped. No significant differences in rates of deterioration are present between patients with onsets at 4 to <8, 8 to <18, and ≥18 years; mortality is low. Patients with onset at ≥18 years are more likely to have cognitive decline early in the diseases course. Thus, within the VWM spectrum, 2 key disease courses can be distinguished: presentation at <4 years (60% of cases in our cohort) is generally followed by a rapidly progressive course dominated by motor dysfunction with a profound age at onset effect on disease course. Presentation from 4 years on (40%) is associated with a more heterogeneous, less progressive course with low mortality, independent of age at onset. These are not strictly separated phenotypes, and much variation is seen, with some early onset patients having an unexpectedly slow disease course and some late onset patients experiencing rapid decline and death. For most leukodystrophies, later age at onset is associated with slower clinical progression. 35 It is interesting that in VWM, apart from the longer symptom-free interval, presentation in adulthood is not associated with a more favorable disease course than presentation in later childhood or adolescence. For all ages of onset, seizures and episodic deteriorations are important negative predictors of disease course, underlining the importance of seizure control and preventive measures such as avoiding head trauma, antibiotics, and antipyretics for all patients. 7 The present study confirms the presence of a genotype-phenotype correlation. 15, 33, 36 In patients with severe phenotypes, the genotype appears to supersede the effect of environmental or other genetic factors on the symptomatology, whereas in milder variants, larger variability is observed, most likely due to the impact of environment, such as exposure to factors that provoke episodic deterioration.
Prior studies have pointed to sex-related differences among VWM patients, such as the male:female imbalance among adolescent/adult onset patients and possible differences in disease severity. 13, 14, 33 Our study did not confirm consistent clinical differences between males and females. Although we also observed an overrepresentation of females among adult onset cases, this finding was not statistically significant. Still larger numbers of patients are required to definitively address the question of sex differences in VWM. Using the HUI and GNDS, we estimated disability in VWM patients with different ages at onset and disease courses in a standardized way. The scores provide insight into profiles of sequential loss of function. The domains ambulation and manual dexterity are most severely affected. The majority of patients are dependent on carers for eating, bathing, dressing, and/or toilet use. Over time, loss of bladder and bowel function occurs, and at advanced disease stage speech and swallowing are affected. Compared to children, who soon have prominent motor handicap, adult onset patients show earlier and more prominent cognitive problems, as commonly observed in leukodystrophies in general, 37 and more often have preserved speech in advanced disease. Vision and hearing remain relatively intact in all patients. The attribute utility scores of the HUI not only represent a measure of health status, but also embody the subjective views of society on objectively defined health status features, as obtained from a random sample of 504 people from Canada. 23 Remarkably, despite one-third of HUI Health Index scores representing a "worse than dead" health state, most patients were perceived as "happy" or "somewhat happy" (scores on the attribute Emotion). Clearly, society's perspective may not correspond to the quality of life perceived by patients or their caregivers, a phenomenon known as "disability paradox." 38 As has been observed in other debilitating neurological disorders, 39, 40 patients often adjust their subjective perception of quality of life. This change of internal standards or "response-shift" 41 is not represented in the HUI.
In the majority of patients, the responses were generated by parents and health professionals, who tend to provide lower valuations for HRQL than patients, 39, 42, 43 suggesting that the discrepancy between HRQL as perceived by patients and as perceived by society may even be greater.
No agreement exists on how to do justice to both the objective function and the subjective judgment of HRQL. This study has some limitations. We aimed for robust parameters of disease progression. However, certain parameters, such as wheelchair dependency, may be influenced by factors such as motivation. For survival, differences in clinical practice, medical resources, and cultural preferences regarding end stage disease impact outcome. Several items were scored by subjective assessment; without formal testing, parameters such as cognitive decline, vision, and hearing are rather rough indicators of the respective items. Interobserver differences and selection and information biases may have hampered the study. In natural history studies, assessments would optimally be prospective and occur at regular intervals from disease onset until death in all patients. Death and loss to follow-up caused numerous missing data in all patient groups. We have no evidence that nonresponse was in any way systematic. As a result of the multicenter nature of the study and the wide variability in disease course, we had to deal with different intervals for the clinical scoring, incomplete datasets, censored data, and survival effects, with longer follow-up and therefore more follow-up data on patients with milder disease course; survival analysis and mixed model linear analysis are the appropriate statistical methods to analyze such datasets and are applied here.
This study also has important strengths. Most limitations mentioned are lessened or overcome by the large number of patients for a rare disease, enhancing the power of the study and compensating for missing data. Other strengths are the longitudinal character of the study, with duration of 12½ years, and the use of standardized instruments that have been extensively validated in diverse populations. 18, 27, 30, 44, 45 The latter also enables the comparison of the burden of VWM to other patient groups. Overall, this study provides robust insights into domains of disability in VWM for different age at onset groups. The study results are important for health services, as type and severity of disability determine patients' capabilities to perform daily activities, type and level of care needed, and social and economic impact of the disease. Additionally, estimates derived from natural history are crucial for study design of clinical trials, selection of clinically relevant endpoints, and determination of which patient population to target. There are currently no curative treatment options for VWM, but the technological progress in the field of leukodystrophies is promising. 46, 47 Prospects of curative therapy have intensified the need to document the natural history of VWM. In this view, the current work may serve as a reference point to design and evaluate future therapeutic interventions.
